Influence of Soil Temperature and Moisture on Eruptive Germination and Viability of Sclerotia of Sclerotinia minor and S. sclerotiorum
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Sclerotinia minor and S. sclerotiorum are soilborne fungi that can cause lettuce drop, a major disease of lettuce (Lactuca sativa) (3) . From December through early March, Sclerotinia drop can cause significant economic losses in lettuce fields in southwestern Arizona. During the same period of time, 80 to 90% of the total lettuce production in the United States is harvested from the desert southwest production region, which includes southwestern Arizona and southeastern California. In this region, lettuce is grown primarily on raised beds with two rows of plants on each bed spaced 30 cm apart. After crop harvest, lettuce residue and sclerotia of S. minor and S. sclerotiorum produced on infected plant tissue typically are incorporated into the soil by disking, followed by planting of crops such as wheat or Sudan grass on nonbedded soil or melons, cotton, corn, or safflower on newly constructed beds.
In recent years, lettuce has become the dominant vegetable crop in southwestern Arizona from initial seeding in September through final harvest in late March. At the same time, the incidence of Sclerotinia drop has increased. The relative efficacy of the fungicides dicloran, iprodione, and vinclozolin for control of Sclerotinia species on lettuce has been documented in earlier research (10) (11) (12) as well as by extensive use in the field. A new fungicide, boscalid, has recently received registration for use on lettuce (8) . In several field trials conducted in Arizona, the highest reduction of Sclerotinia drop achieved among several different fungicides was about 70% (7, 8) . Greater reductions in the incidence of disease will require an integrated disease management approach, with chemical control as one component.
In order to develop an effective integrated disease management program for Sclerotinia drop in desert lettuce production systems, we first need to understand the fate of sclerotia of S. minor and S. sclerotiorum from the time of their production in diseased lettuce fields until the next lettuce crop is planted one or more years later. At certain times of year, agricultural fields in the desert are subjected to high soil temperatures and very low soil moisture. Earlier research documented the effect of temperature and soil moisture on the survival of sclerotia of these pathogens. Adams (2) reported that high soil temperatures (40 to 50°C) and low soil moisture (-152 to -366 MPa) reduced survival of sclerotia of S. minor. Imolehin and Grogan (6) found that sclerotia of S. minor survived better in dry soil (-1.5 MPa) than in moist soil (-0.033 MPa). Moore (9) demonstrated that sclerotia of S. sclerotiorum decayed completely within 24 to 45 days when present in three different types of field soils that were subjected to continuous flooding.
The main objective of our research was to examine the impact of soil temperature and moisture on the ability of sclerotia of S. minor and S. sclerotiorum to germinate eruptively. Also of interest was the effect of time in soil and depth in soil on sclerotium germination. The goal of this work was to acquire data to facilitate development of cultural practices that would minimize the population of these overseasoning pathogen propagules in soil.
MATERIALS AND METHODS
Source of fungi and sclerotia. Initially, sclerotia of S. minor and S. sclerotiorum were collected from naturally infected lettuce plants at two locations in Yuma County, Arizona. Sclerotia were surfacesterilized by agitation in a 0.5% solution of NaClO (1:9 dilution of household bleach) for 3 min, rinsed in sterile distilled water, then plated onto potato dextrose agar (PDA). An actively growing colony arising from a sclerotium of S. minor or S. sclerotiorum was designated SM or SS, respectively. These two isolates were used to produce sclerotia for all laboratory and field experiments. Substrate for production of sclerotia of S. minor was prepared by placing 15 to 20 cubes of potato (Solanum tuberosum) tissue (each 1.0 cm 3 ) in a series of 125-ml flasks, which were then autoclaved for 20 min, allowed to cool to room temperature for 24 h, and autoclaved again. After autoclaving, each flask was inoculated with a mycelial disk from an actively growing culture of S. minor on PDA. After incubation for 4 weeks at 20°C in darkness, mature sclerotia were separated from residual potato tissue by washing the contents of each flask in running water within a soil sieve. Sclerotia were air-dried and stored at room temperature (25°C) in the laboratory until needed. The substrate for producing sclerotia of S. scle-rotiorum was prepared by boiling 5.5 kg of barley grain in 15 liters of tap water for 90 min. After boiling, the liquid was discarded and 1,000 cm 3 of moist grain was placed into a series of 2-liter wide mouth flasks. Flasks were autoclaved for 60 min, allowed to cool to room temperature (25°C), then autoclaved again 24 h later. When flasks were cool, the contents of each flask were inoculated with a mycelial disk from an actively growing culture of S. sclerotiorum on PDA. After a 6-week incubation period at 20°C in darkness, abundant sclerotia had formed. The contents of each container were removed, spread on a clean surface, and air-dried. Sclerotia were collected from the barley seed substrate and stored at room temperature.
Laboratory trials. Soil (7-56-37 sandsilt-clay) was collected from an agricultural field that had not received any moisture from rainfall or irrigation for at least 3 months. This soil was screened through 6.5-mm-mesh hardware cloth to remove large soil clods, then placed into Styrofoam containers 7.5 cm in diameter and 10 cm deep, each with three 2.0-mm-diameter drain holes. After 15 sclerotia of S. minor or S. sclerotiorum were placed in nylonmesh packets (3.5 cm wide × 3.5 cm long), one packet was buried 2.5 cm below the surface of the dry field soil in each container. Containers with sclerotia and soil were maintained in incubators set at constant temperatures of 15, 20, 25, 30, 35, or 40°C for 1 to 4 weeks. At each temperature, the soil in half of the containers remained dry for the duration of each trial, whereas the remaining containers were irrigated with sufficient water to thoroughly wet the soil. Containers with irrigated soil were incubated on trays containing a 1-cm-deep layer of water to maintain moisture in the soil. At 1, 2, 3, and 4 weeks after burial in soil, sclerotia were collected, surface-sterilized with a 2-min wash with agitation in 70% ethanol followed by a 2-min wash with agitation in a 0.5% solution of NaClO (1:9 dilution of household bleach), then plated onto acidified PDA after drying. Acidified PDA, used to suppress bacterial growth, was prepared by adding 6 drops of an 85% lactic acid solution per 250 ml of PDA after autoclaving and cooling to 50°C, prior to dispensing in petri dishes. Viability was assessed by the ability of sclerotia to germinate eruptively on the agar and subsequently produce daughter sclerotia. Laboratory experiments were established in a split-split-plot design, with soil temperature as the main plot factor and soil moisture and duration of time in soil as subplot factors. In each of the two runs of this experiment, for each species of Sclerotinia, five replicate containers of soil with sclerotia were prepared for each different combination of soil temperature, soil moisture, and duration of time in soil. This test was performed twice (initiated 17 September 1998 and 30 June 1999).
Field trials 1 to 6. Field trials 1 to 3 were initiated 2 July 1996, 19 June 1997, and 17 July 1998, respectively, at the University of Arizona Yuma Agricultural Center in a silty clay loam soil (7-56-37 sandsilt-clay) typical of that used for lettuce production in the region. Nylon-mesh packets (7.5 cm long × 3.8 cm wide) were each filled with 15 sclerotia of S. minor or S. sclerotiorum. The land on which these experiments were conducted consisted of raised beds with 92 cm between bed centers. Sclerotia within the packets were placed either at the soil surface or buried at a depth of 5 or 10 cm within the furrows between raised beds. Soil within the furrow was either irrigated periodically, by filling the furrow with water, or maintained in a dry state. Field trials 1 and 2 were initially irrigated 2 July 1996 and 19 June 1997, respectively, then every 2 weeks until each trial was terminated 8 weeks later. Field trial 3 was initially irrigated 17 July 1998, then weekly until the trial was terminated after 8 weeks. The focus of this research was on the direct effect of irrigation events on subsequent germination of sclerotia in soil and not the effect of lateral movement of irrigation water into plant beds; therefore, sclerotia were placed in the irrigation furrows and not in the plant beds. Temperature sensors were placed in the irrigated and unirrigated soil at the same depths as the sclerotia to monitor soil temperature. Gypsum blocks were used to monitor soil moisture in irrigated furrows, whereas gravimetric soil moisture determination in conjunction with known soil water release curve data for this soil was used to determine water potential of dry soil. At 2, 4, 6, and 8 weeks after placement in soil, sclerotia were collected, surface-sterilized as described earlier, then plated onto PDA to determine their ability to germinate.
Field trials 4 to 6 were initiated 20 March and 14 and 21 August 2000 at the University of Arizona Yuma Agricultural Center and terminated 8 weeks later. The protocol for these trials was similar to that described for trials 1 to 3 with the following modifications: only the viability of sclerotia in irrigated soil at the surface or buried at a depth of 5 cm was evaluated, irrigation frequency ranged from one to three times per week, and the mean soil temperatures during trials 4 to 6 were lower than those for trials 1 to 3. Field trial 4 was initially irrigated 20 March 2000 then every week until experiment termination 8 weeks later. Field trials 5 and 6 were initially irrigated 14 and 21 August 2000, then every Monday, Wednesday, and Friday until these trials ended 8 weeks later.
Field trials 1 to 6 were established in a split-split-plot design, with soil moisture as the main plot factor and duration of time in soil and depth of sclerotia in soil as subplot factors. In each trial, for each species of Sclerotinia, five replicate packets of sclerotia were placed in soil for each different combination of soil moisture, duration of time in soil, and depth of sclerotia in soil.
Field trials 7 to 9. This set of trials was initiated 23 May and 1 and 27 August 2001 to evaluate the impact of soil flooding on eruptive germination and viability of sclerotia of S. minor and S. sclerotiorum. Fifteen sclerotia of either pathogen were placed within nylon-mesh packets as described for earlier field studies. Four plastic pails, each with a capacity of 19 liters, were buried in soil at the University of Arizona Yuma Mesa Agricultural Center to serve as microplots. Three packets containing sclerotia of S. minor or S. sclerotiorum were skewered on each of five wire flags for each pathogen and placed in each of the four pails, after which was added the silty clay loam field soil used in earlier tests. The packets skewered on each wire flag were spaced at a soil depth of 0, 10, and 20 cm. Temperature sensors were placed in a fifth pail at the same soil depths. Water was added to all containers until the soil was saturated. A 2.5-cm-deep layer of water was maintained on the soil surface for the duration of these trials. At 1, 2, 3, and 4 weeks after initiation of soil flooding, sclerotia were removed from one pail, washed in water to remove soil, surface-sterilized as described earlier, then plated onto acidified PDA plates to determine their ability to germinate. Sclerotia of S. minor and S. sclerotiorum stored in the laboratory were also plated onto acidified PDA at the beginning and end of each soil flooding trial to assess the level of sclerotia viability without flooding.
Field trials 7 to 9 were established in a split-split-plot design, with species of Sclerotinia as the main factor and duration of time and depth of sclerotia in soil as subplot factors. For each of the three trials, five replicate packets of sclerotia were placed in soil for each different combination of species of Sclerotinia, duration of time, and depth of sclerotia in soil.
Analysis of data. Analysis of variance was performed with the GLM procedure within CoStat statistical software (CoHort Software, Monterey, CA). Data from repeated field trials were combined for analysis when variances of data among trials were homogeneous. Significant differences among main effects and any interactions in each experiment were determined by analysis of variance, and treatment means were separated according to the least significant difference (LSD) test.
RESULTS
Laboratory trials. The main effects of soil temperature, soil moisture, and time in soil, as well as the interactions of soil temperature × soil moisture, soil temperature × time in soil, and soil moisture × time in soil, on eruptive germination of sclerotia of S. minor and S. sclerotiorum were significant in both trials. On the other hand, the interaction of soil temperature × soil moisture × time in soil on eruptive germination of sclerotia was significant in both trials for S. minor and in one of two trials for S. sclerotiorum ( Table 1 ). The proportion of sclerotia of both pathogens that germinated from 1 to 4 weeks in wet soil (≥-0.02 MPa) tended to decrease as soil temperature increased from 15 to 40°C (Table 2) . No sclerotia of S. minor and S. sclerotiorum germinated after 1 and 2 weeks, respectively, in wet soil at 40°C (Table 2) . In contrast, after 1 to 4 weeks in dry soil at 40°C, germination of sclerotia of S. minor and S. sclerotiorum ranged from 28 to 55% and 42 to 77%, respectively (Table 2) . Some fungi, primarily Aspergillus spp. and Mucor spp., often were isolated from sclerotia that failed to germinate after recovery from irrigated field soil.
Field trials 1 to 6. For trials 1 to 3, all main effects of soil moisture, time in soil, and depth in soil, as well as the interactions of these factors, on eruptive germination of sclerotia of S. minor were significant (Table 3 ). For sclerotia of S. w Viability was assessed by the ability of sclerotia to germinate eruptively on potato dextrose agar and to subsequently produce daughter sclerotia.
x After initial wetting of soil, containers were placed in incubators on trays containing a 1-cm-deep layer of water to maintain moisture in the soil. y Values in each column followed by a different letter are significantly different (P = 0.05) according to LSD. Five replicate containers of soil with sclerotia were prepared for each different combination of incubation temperature, duration of incubation, soil moisture, and species of Sclerotinia. Each value is the mean percentage of sclerotia that germinated from 10 packets of sclerotia collected from two laboratory trials initiated 17 September 1998 and 30 June 1999. For comparison, the mean percent germination of sclerotia of S. minor and S. sclerotiorum maintained in the laboratory at 25°C and not placed in soil ranged from 84 to 96%. z Dry soil did not receive any moisture from irrigation or rainfall for at least 3 months before initiation of or during the trials. sclerotiorum, the main effects of soil moisture, depth in soil, and the interaction of soil moisture and depth in soil were significant in all three trials, the effects of time in soil and the interactions of soil moisture × time in soil, and soil moisture × time in soil × depth in soil were significant in two of three trials, and the interaction of time in soil × depth in soil was significant in one of three trials (Table 3) . Germination rate of sclerotia of S. minor and S. sclerotiorum after 2 to 8 weeks in irrigated soil on the surface or buried at a depth of 5 cm was significantly lower than that for sclerotia maintained in dry soil at the same depths (Table 4) . On the other hand, after burial at a depth of 10 cm, germination of sclerotia in irrigated and dry soil did not differ significantly after 2 to 8 weeks for S. minor and after 2, 4, and 8 weeks for S. sclerotiorum. Germination of sclerotia of both pathogens after 2, 4, 6, and 8 weeks in irrigated soil with a mean temperature of 32°C (trials 1 to 3) was significantly lower than that for sclerotia in soil with a mean temperature of 26 C (trials 4 to 6) ( Table 5 ). In irrigated soil with a mean temperature of 31°C (range 21 to 61°C), some decomposed sclerotia of S. minor and S. sclerotiorum were detected after 4 weeks, and decomposition was essentially complete after 6 or more weeks. The dry soil did not receive moisture from irrigation or rainfall for at least 3 months before initiation of or during the trials. For trials 1 to 3, the means (and ranges) of recorded temperatures at depths of 0, 5, and 10 cm in irrigated soil were 33°C (13 to 65°C), 32°C (21 to 51°C), and 31°C (22 to 41°C), respectively. For dry soil, the means (and ranges) of recorded temperatures at the same soil depths were 40°C (12 to 70°C), 38°C (24 to 51°C), and 36°C (28 to 45°C), respectively. The ranges in water potential from 4 to 14 days after an irrigation at depths of 0, 5, and 10 cm were ≥-0.02 to -2.0 MPa, ≥-0.02 to -0.25 MPa, and ≥-0.02 MPa, respectively, whereas the value for dry soil was ≤-100 MPa. For trials 4 to 6, the means (and ranges) of recorded temperatures at depths of 0 and 5 cm in irrigated soil were 25°C (10 to 44°C) and 26°C (12 to 35°C), respectively. Water potential for trials 4 to 6 ranged from ≥-0.02 to -0.04 MPa. Several different fungi, primarily Aspergillus spp., Mucor spp., Penicillium spp., and Trichoderma spp., were isolated from sclerotia that failed to germinate after recovery from irrigated field soil.
Field trials 7 to 9. Prior to placement in soil, the mean percent germination of sclerotia of S. minor and S. sclerotiorum ranged from 84 to 96%. The germination rate for sclerotia of both pathogens after 1 week in continuously flooded soil at depths of 0, 10, and 20 cm ranged from 0 to 26.7% (Table 6 ). The germination rate decreased to a range of 0 to 3.3% after 2 weeks, and no viable sclerotia were detected after a 3-and 4-week period of soil flooding. Some decomposed sclerotia of S. minor and S. sclerotiorum were detected after 3 weeks and became more plentiful after 4 weeks in flooded soil. The mean soil temperature at each depth during the three trials ranged from 30 to 33°C, with hourly values ranging from 17 to 44°C.
DISCUSSION
A number of factors have been reported to affect survival of sclerotia of S. minor and S. sclerotiorum, including temperature (1,13), soil moisture (9), and mycoparasites (5). Our studies revealed that sclerotia of S. minor and S. sclerotiorum in wet soil (≥-0.02 MPa) were quite sensitive to a constant soil temperature of 40°C and did not germinate after 1 and 2 weeks, respectively, at this temperature. Adams (2) also reported that constant moist soil temperatures of 40 to 50°C were very detrimental to the viability of sclerotia of S. minor. Furthermore, our studies revealed that germination of sclerotia of both pathogens after 4 weeks at a constant temperature of x Viability was assessed by the ability of sclerotia to germinate eruptively on potato dextrose agar and to subsequently produce daughter sclerotia. y A mean soil temperature of 26°C at depths of 0 and 5 cm was recorded in three field trials initiated 20 March and 14 and 21 August 2000; whereas a mean soil temperature of 32°C was recorded at the same soil depths in three field trials initiated 2 July 1996, 19 June 1997, and 17 July 1998. Water potential values between irrigations ranged from ≥-0.02 to -2.0 MPa. z Values in each column followed by a different letter are significantly different (P = 0.05) according to LSD. Each value is the mean percentage of sclerotia that germinated from 30 packets of sclerotia collected from three field trials at depths of 0 and 5 cm after 2, 4, 6, and 8 weeks in irrigated soil. For comparison, the mean percent germination of sclerotia of S. minor and S. sclerotiorum maintained in the laboratory at 25°C and not placed in soil ranged from 84 to 96%. x Viability was assessed by the ability of sclerotia to germinate eruptively on potato dextrose agar and to subsequently produce daughter sclerotia. y Irrigation frequencies among trials ranged from 7 to 14 days. Dry soil did not receive any moisture from irrigation or rainfall for at least 3 months before initiation of or during trials. Ranges in water potential from 4 to 14 days after an irrigation at a depth of 0, 5, and 10 cm were -0.02 to -2.0 MPa, -0.02 to -0.25 MPa, and -0.02 MPa, respectively, whereas the value for dry soil was ≤-100 MPa. Mean recorded temperatures for all three trials at depths of 0, 5, and 10 cm were 33, 32, and 31°C, respectively, in irrigated soil and 40, 38, and 36°C, respectively, in dry soil. z Values in each column followed by a different letter are significantly different (P = 0.05) according to LSD. Each value is the mean percentage of sclerotia that germinated from 15 packets of sclerotia collected from three field trials initiated 2 July 1996, 19 June 1997, and 17 July 1998. For comparison, the mean percent germination of sclerotia of S. minor and S. sclerotiorum maintained in the laboratory at 25°C and not placed in soil ranged from 84 to 96%.
35°C was significantly reduced compared to that at 15 and 20°C. In field trials, after 8 weeks in irrigated soil, the proportion of sclerotia that germinated after exposure to mean soil temperatures of 26 and 32°C declined from 20 to 0%, respectively, for S. minor and from 42 to 3%, respectively, for S. sclerotiorum. Soil moisture has a significant effect on germination of sclerotia of S. minor and S. sclerotiorum as well. We observed no germination of sclerotia of either pathogen in wet soil (≥-0.02 MPa) after 1 and 2 weeks at a constant temperature of 40°C, whereas germination rates ranged from 28 and 64% after 4 weeks in dry soil (≤-100 MPa). In field trials, after 8 weeks on the surface or at a depth of 5 cm, the germination rate of sclerotia of both pathogens ranged from 0 to 6% in irrigated soil and 22 to 39% in dry soil. Under conditions of continuous flooding, no sclerotia of S. minor or S. sclerotiorum germinated in field soil after 2 and 3 weeks, respectively, when hourly temperatures ranged from 17 to 44°C. Moore (9) reported complete decay of sclerotia of S. sclerotiorum after 24 to 45 days in three different types of flooded soils at temperatures of 22 to 26°C.
Virtually all sclerotia recovered after 1 to 3 weeks in moist soil or up to 8 weeks in dry soil appeared to be physically intact. It is not known whether the intact sclerotia that failed to germinate on PDA were alive but not capable of germinating on this medium or were truly dead. As pointed out by Grogan (4) , if the test for survival involves culturing on a nutrient medium after the recovered sclerotia are washed and surface-sterilized, we know only what portion was capable of hyphal germination in a highly artificial situation. For accurate prediction of disease potential, we need to know the portion of the sclerotia population that is capable of myceliogenic or carpogenic germination under more natural conditions (4) . In our studies, on the other hand, when the mean soil temperature ranged from 30 to 33°C, decay and disintegration of sclerotia of S. minor and S. sclerotiorum began to be observed after 3 weeks in continuously flooded soil and 4 weeks in soil irrigated every 7 days. Decomposition of sclerotia was essentially complete after 6 or more weeks in soil irrigated every 7 days at this range of soil temperatures. These decayed and disintegrated sclerotia did not germinate on PDA and can be considered dead due to their physical deterioration.
Several fungi, primarily Aspergillus spp., Mucor spp., Penicillium spp., and Trichoderma spp., were isolated from sclerotia that failed to germinate after recovery from irrigated field soil; however, the role of these fungi in decay of sclerotia was not determined. Imolehin and Grogan (6) retrieved Trichoderma spp., Fusarium spp., Chaetophoma spp., Penicillium spp., and Mucor spp. from field sclerotia of S. minor that failed to germinate, with Trichoderma spp. being most numerous and most efficient in parasitizing sclerotia. The role of soil microorganisms in the destruction of sclerotia requires more extensive scrutiny.
We noted a significant decrease in germination of sclerotia of S. minor after burial in dry soil at a depth of 10 cm for 2 to 8 weeks compared to placement at the soil surface. A similar trend, significant only after 8 weeks in dry soil, also was noted for sclerotia of S. sclerotiorum. The cause of this decrease in germination is unknown. The soil at these depths was extremely dry (≤-100 MPa). The means (and ranges) of soil temperatures recorded hourly at the soil surface and at a depth of 10 cm were 40°C (12 to 70°C) and 36°C (28 to 45°C), respectively. Although sclerotia at the soil surface were exposed to mean and daily periods of temperatures higher than that of sclerotia at the 10-cm depth, the higher minimum temperature values noted at the 10-cm depth compared to the soil surface might have provided a sustained temperature range which over time affected subsequent germination of sclerotia to a greater extent than shorter daily periods of higher absolute temperatures. Further experiments are needed to substantiate this hypothesis.
Results from the current investigations suggest that flooding fields infested with sclerotia of S. minor and S. sclerotiorum for at least 2 and 3 weeks, respectively, with mean soil temperatures in the 30 to 33°C range, could significantly reduce the population of viable sclerotia in infested fields. Application of a flood irrigation to fields in July or August for soil salt management is a common cultural practice in the desert southwest lettuce production area, where fields are laser-leveled and can easily be flooded. If this flood irrigation could be maintained for a period of 2 to 3 weeks, then successful control of Sclerotinia drop and effective salt management might be achieved simultaneously. Water was added to all microplots until the soil was saturated, then a 2.5-cm layer of water was maintained on the soil surface for the duration of these trials. z Values in this column followed by a different letter are significantly different (P ≤ 0.05) according to LSD. Each value is the mean percentage of sclerotia that germinated from 15 packets of sclerotia. For comparison, the mean percent germination of sclerotia of S. minor and S. sclerotiorum maintained in the laboratory at 25°C and not placed in flooded soil ranged from 84 to 96%.
